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Abatract 

In  order  to  atudy  the  effecta  of  unateady 
(dynaaic)  and  ateady  (atatic)  preaaure  wavea  in  a 
cavity  at  aubeonie  K.^ch  ous^era  through  tranaonic 
Mach  nuabertt  dd  experiaental  teat  progran,  uaiog 
a  aplittcr  plate  and  a  generic  cavity,  vac 
conducted.  Since  sMat  cavitiaa  aaaociated  with 
air  vehielea  heuae  aunaora,  equlpncnt,  or  armaaent, 
ogive  cylinder  tudela  were  alao  fabricated  and 
tected  ineida  the  cavity  to  deteraine  their  effect 
on  the  atatic  and  dynaaic  preeaure  aeaaureaenta  on 
the  cavity  ceiling  and  walla.  The  intent  of  the 
aaperiaent  waa  to  docuaant  the  effecta  on  ateady 
end  unateady  preaaurce  by  varying  paraaetera  auch 
ea  the  Haeh  nuaber,  cavity  diaenaiona,  blockage, 
and  cavity  angle  of  attack.  Theae  reaulta  will 
provide  engineera  with  a  technology  baae  to  aid  in 
the  foravlation  of  deaign  tequircaeota  and 
preliainary  dcaigna  for  future  air  vehiclea 
requiring  external  cavitiea. 
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Introduction 

It  hn^  previoualy  been  dcBonaCTaicd  that 
cavitiaa  located  within  a  flew  field  can  produce 
a  aavere  aeroacouatic  cntironaer.c  which  ia 
characterised  by  extreaaly  high  sound  preaaure 
levela.^  The  eouice  of  thia  aeroacouatic 
problea  ia  believed  to  be  a  coupling  between  the 
unateady  aepa^ated  ahenr  layer  (outaide  rhe  open 
cavity)  ai\d  rhe  internal  cavity  wave 
etructure.^'^  Thia  interaction  can  produce  high 
cMdal  aaplitudea  at  dlacreta  freguenciet.  Theae 
high  sound  preaaure  level  a  way  in  turn  affect 
the  performance  of  ayatena  which  operate  within 
thesa  cavitiea,  particularly  in  the  aft  -egivn 
of  Che  cavity  where  the  lound  preaaure  levela 
arc  generally  higher.  A  teat  to  parenetrically 
invetcigate  the  effecr.t  of  cavity  ateady  and 
unateady  preaatrta  (including  the  addition  o( 
blockage  in  the  cavity)  waa  conducted  in  a 
4-fooC  trentonic  wind  tunnel  over  e  Hach  nuaber 
range  of  0.6  to  1.2.  The  aeroacouatic 
trantient  loada  (alao  refarred  to  aa  unateady  or 
dynamic  preaaurea)  were  aeaaurcd  (or  a  generic 
cevity  at  two  rangth  to  depth  ratio 
eonf igurationa.  Data  were  obtained  for  an  eapty 
cavity  and  varioua  condiciooa  of  blockage 
ioaerted  inaidt  the  cavity.  The  blockage  nodal 
wee  e  generic  ogive-cylinder  conflguretion.  A 
bent  ating  eseaably  wea  uacd  to  allow  the  body 
to  move  in  end  out  of  the  cavity.  Thia  paper 
diecutsea  the  aeroacouatic  affccia  of  the 
following  paraaeterai  cavity  length  to  depth 
retio;  longitudinal,  lateral,  and  vertical 
cavity  diatribuCiona;  cavity  angle  of  attack; 
Mach  nuabar/dynaaic  preaaure  vatiaciona;  tnd 
varietiooa  of  the  body  blockage  location. 


Teat  Articlaa  and  Initruaentation 

Thia  raaearch  waa  conducted  in  tht 
4-toot  tranaonic  wind  tunnel  at  the  Arnold 
togloatring  Davelopaaat  Caster.  The  support 
eyetea  (or  the  splitter  plate  (with  generic 
cavity)  and  blockage  modal  la  ahowo  in  Figure  1. 
Total  blockage  ia  approalaataly  1  percast  of 
the  wind  tunnel  croae  aectional  area.  Tht  flat 
plate  portion  of  the  cavity  haa  a  13.2  degree 
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bo''«l.d  leading  edge.  The  upaCreaawall  (forward 
bulkhead)  of  the  cavity  waa  located  15  inchea  from 
th}  plate  leading  edge.  The  width  and  length  of 
the  cavity  regained  fixed  at  A  and  18  inchea 
reapcctively  throughout  the  experiment.  Two 
cavity  deptha  (2  and  A  inchea)  were  invettigated, 
which  provided  length  to  depth  ratioa  of  9.0  ond 
A.5  (Figure  2).  The  configuration  which  provided 
the  blockage  in  the  cavity  waa  an  ogive-cylinder 
body  0.7  inch  in  diameter  and  lA.A  inches  long 
(Figure  3). 
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Fig.  2  Oenerlc  cavity  dlnenalons. 


The  unsteady  pressure  neaaurementa  were 
obtained  using  Kulit^Model  XCS-093-50,  5  PSID 
pressure  transducers  (Figure  A).  Thirty-three 
transducers  were  located  in  and  around  the 
cavity  as  shown  in  Figure  5.  The  unsteady  data 
were  recorded  on  magnetic  tape  and  a  single  data 
point  or  record  typically  extended  over  a  period 
of  10  to  15  seconds.  A  local  tunnel  timing  code 
was  used  to  synchronize  the  data  on  tape. 
Frequency  analyses  were  performed  on  and  off 
line  with  25  HZ  and  1  HZ  filters,  respectively. 
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Fig.  5  Kulit^  transducer  locations. 


Several  of  the  unsteady  pressure 
transducer!  were  calibrated  in  the  laboratory 
before  the  teat.  The  transducer  reference 
pressure  lines  wete  vented  to  the  plenum  areas 
around  the  cavity  resulting  in  differential 
pressure  oeasures>ents.  A  reference  siicrophone 
was  calibrated  with  several  pistonphones  at  250 
Herts  and  12A  dB  sound  pressure  level  (SPL). 
This  reference  microphone  was  then  used  to 
obtain  transducer  sensitivities  at  lAO  dB  SPl 
inside  a  high  pressure  calibrator.  Before  and 
after  the  test,  a  dynamic  pressure  calibration 
was  applied  to  most  transducers  at  130  dB  SPL 
with  a  piatonphone  or  lAO  dB  SPL  with  a  power 
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«ap  and  horn  driver  «t  a  frequency  of  2S0  Hertz, 
the  tunnel  a«|iliflera  were  set  for  60  dB  gain  and 
the  offline  anplifiera  were  tec  for  0  dB  gain. 
Theae  calibrationt  were  recorded  on  paper.  The 
anplifiera  were  then  norisalized  for  1  volt 
140  dB  SPL  before  recording  the  calibration  on 
Capo.  If  the  calibrator  would  not  fit  over  the 
preaaure  tranaducer,  the  channel  wat  noroalized 
for  1  Vra»  «  140  dB  SPL.  Calibrating  the 
tranaducera  intide  the  cavity  waa  a  little  more 
difficult.  K  plate  waa  fabricated  to  completely 
encloae  the  cavityi  and  when  uaed  with  the  power 
amp  and  horn  driver,  would  aimultaneoualy  excite 
all  tranaducera  inaide.  Thit  technique  yielded  an 
overall  level  of  about  100  dB  SPL.  Nine  channel 
frequency  retponaet  were  checked  by  inaerting 
random  noiae  aeroaa  the  bridge  outputt.  Thit 
random  noite  waa  inaerted  into  all  the  amplifier 
trackt  aimultaneoualy  to  check  tape  track 
akewneta . 


Accelerometera  were  calibrated  on  aite  uaing  a 
three  point  (-Ig,  Og,  ♦  Ig)  atatic  dump  calibrator 
to  determine  the  aenaitivitiea.  Thit  calibration 
waa  recorded  on  tape. 


SPL  valuea  were  calculated  uaing  the  following 
expreaaion: 

^rma^P*^^  a 

SPL  (dB)  -  20  Log  _  lO'' 


^ef 


the  attumed  reference  preaaure  it: 
2.9008  X  10’®  pai. 


Kinety-aix  aurface  tranaducera  were  uaed  to 
obtain  atatic  pretturet  in  the  cavity  and  on  the 
flat  plate  portion  of  the  cavity.  Theae  pretaurea 
were  meaaured  by  uaing  two  48-port  electronically 
acanned  preaaure  modulet  mounted  on  the  underaide 
of  the  plate.  Figure  6  ahowt  the  general  location 
of  the  preaaure  orificea  which  ere  located  on  the 
cavity  ceiling,  bulkheada,  aidcwalla,  and  plate 
aurfacea. 
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Other  inatrumentat ion  included  proximity 
aenaora  which  provided  meaaurement  between  the 
plate  aurface  and  blockage  model  aupport  sting 
for  accurate  vertical  poaitioning  of  the 
blockage  model,  four  thermocouplea  attached  to 
the  interior  wall  aurfacea  of  the  cavity  to 
meaaure  the  wall  temperaturea,  and  four  hot  film 
anemometera  fluah  mounted  at  various  distances 
from  the  plate  leading  edge  (Figure  7).  These 
anemometera  were  uaed  to  determine  the  type  of 
boundary  layer  (laminar  or  turbulent)  and  the 
approximate  location  of  transition.  The 
boundary  layer  thickness  at  the  upstream 
bulkhead  can  be  calculated  after  the  transition 
location  is  defined.  This  ia  important  because 
Che  ratio  of  the  boundary  layer  thickness  to 
cavity  depth  is  believed  to  have  a  major 
influence  on  the  cavity  acouacica.  The  two 
accelerometers  were  siounCed  on  Che  underside  of 
the  plate  assembly.  Theae  measurenenta 
(combined  with  the  transient  preaaure  readings) 
were  uaed  Co  determine  if  the  vibration  of  the 
cavity  aupport  ayaten  was  a  significant 
component  of  Che  measured  sound  pressure  level. 
One  accelerometer  waa  an  Entran  Hodel  EG4L-121- 
100  located  6  inches  from  the  leading  edge.  The 
ocher  waa  a  Setra  Model  141A  located  on  the  aft 
bulkhead  1  inch  from  the  cavity  opening.  The 
accelerometer  near  the  leading  edge  measured  the 
normal  vibration  while  the  aft  one  measured  the 
axial  vibration. 


Fig.  6a  Static  tranaducer  cavity 
locations. 
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Fig.  7  Other  cavity  instrumentation. 


3 


Digcustion  of  Result* 

Static  Pre»«ure  Di«trlbution 

Typtcsl  atatic  preisure  distributions  along 
the  center  line  of  the  shallow  and  deep  cavity  are 
shown  in  Figure  8.  This  figure  contain*  data  from 
the  cavity  ceiling,  forward  and  aft  bulkheads,  and 
positions  on  the  plate  upstream  and  downstream  of 
the  cavity.  The  X/L  position*  of  0  and  1  coincide 
with  the  forward  and  aft  cavity  bulkheads, 
respectively.  A  strong  pressure  gradient  between 
the  two  curve*  was  observed  at  0.60,  however, 
as  the  Mach  number  waa  increased  to  1.20,  it 
was  not  as  pronounced.  It  is  realised  that  the 
bent  sting  will  affect  the  static  pressure 
distribution  in  the  cavity  and  around  the  base 
region  of  the  blockage  model.  A  detailed 
assessment  of  such  sting  effects  will  be 
accomplished  in  a  future  test  entry  that  will 
include  static  and  dynamic  pressure 
instrumentation  on  the  blockage  model  as  well  as 
the  cavity. 
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the  selected  deep  cavity  configurations  exhibitt 
the  classical  open  flow  condition  which  is 
normally  associated  with  deep  cavities.  Open 
flow  is  a  condition  where  the  on-ruahing 
air* t ream  bridge*  the  gap  formed  by  the  forward 
and  aft  bulkheads.  This  contributes  to  the  high 
sound  pressure  level  modal  peaks  because  of  the 
acoustic  energy  trapped  under  the  shear  layer. 

A  transitional  state  is  indicated  for  the 
shallow  cavity  configuration  since  modal  peaks 
remain  well  defined  particularly  at  Ms*  1.2 
where  the  peaks  are  8  to  10  dB  above  the 
broadband  levels.  Closed  flow  is  the  condition 
where  the  airstream  attaches  to  the  cavity 
ceiling  with  the  subsequent  elimination  of  the 
modal  peak*.  In  Figure  9  Che  modal  peaks  are 
well  defined  at  the  lower  frequencies 
particularly  for  the  deep  cavity  where  they  are 
at  least  8  to  10  dB  above  the  broadband  level*. 
Broadband  SPLs  are  similar  for  both  the  shallow 
and  deep  cavity. 
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Fig.  8  Typical  .static  pressure 
distributions. 
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Deep  versus  Shallow  Bay  Unsteady  Pressure  Levels 

The  effect  of  the  cavity  length  to  depth 
ratio  is  shown  in  Figure  9  for  the  KIS  dynamic 
trtnaducsr  located  on  the  ceiling  in  the  aft 
region  of  the  cavity.  The  blockage  siode  1  waa 
placed  inside  the  cavity  *t  2  ■  -1.2  inches  (2  •  0 
inches  would  correspond  to  the  lip  of  the  cavity 
tlueh  with  the  flat  plate).  Thie  figure  indicates 
that  the  shallow  cavity  effectively  suppresses  the 
strong  tons*  chat  are  associated  with  the  deep 
cavity  configuration.  The  dat*  also  indicate  that 
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SPL  Variation  with  Longitudinal  Position 
in  Cavity 


These  teat  results  are  conaiscent  with 
previous  experimental  invetcigationa  such  at 
those  in  Reference  6.  A  10  dB  increase  in 
broadband  levels  was  observed  going  from  the 
front  to  'ho  aft  region  of  the  cavity.  Typical 
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deep  cevity  reeulte  ere  ehovn  in  Figure  10  for 
traasducere  KS,  K12,  end  K16.  In  addition,  the 
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Fig.  10  Typical  cavity  longi¬ 
tudinal  SPL  dlalrlbuiton. 


model  peek  enplitudea  exhibit  significant 
variations  as  a  result  of  the  node  shapes  of  the 
standing  waves  in  the  deep  cavity.  Conversely, 
minimal  modal  frequency  excitations  were 
observed  in  the  shallow  cavity  (not  shown). 
Broadband  sound  pressure  levels  were  generally 
observed  to  be  similar  in  the  aft  region  of  the 
cavity  for  both  shallow  and  deep  cavities.  In 
the  mid  region  of  the  shallow  cavity  there  were 
reduced  sound  pressure  levels  which  are  believed 
to  be  due  pritsarily  to  the  interaction  between 
the  boundary  layer  and  the  cavity. 


SPL  Variation  with  Lateral  Bay  Position 


The  SPL  variation  with  literal  position  is 
shown  in  Figure  11  for  the  KIS  and  K28 
transducers  at  ■  0.85.  Minimal  lateral 
variations  in  the  resonant  peaks  were  observed 
with  only  a  3  to  5  dB  increase  in  SPL  evident 
going  from  cavity  centerline  to  the  sidewall. 
Similar  lateral  variations  were  observed  at 
other  longitudinal  locations.  These  trends  were 
consistent  over  the  entire  Mach  number  regime 
for  both  cavity  depths. 
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Fig.  11  Typical  cavity  lateral 
SPL  distribution. 
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SPL  Varittion  with  Verticil  Cavity  Potition 

A  typical  vertical  SPL  variation  is  shown  in 
Figure  12  for  the  K26  and  K31  tranaducers  in  the 
forward  portion  of  the  cavity.  A  3-A  dB  increase 
in  the  nodal  peaks  was  generally  observed  moving 
from  the  ceiling  to  the  lip  of  the  cavity.  In  the 
aft  portion  of  the  cavity,  nininal  variations  were 
observed  on  the  sidewalls;  however,  7-8  dB  higher 
broadband  levels  were  aieaasired  on  the  aft  bulkhead 
near  the  lip  of  the  cavity.  Sinilar  trends  were 
obaerved  throughout  the  test  for  both  cavity 
depths. 


Fig.  12  Typical  cavity  vertical 
SPt  dlatrlbutlon. 


SPL  Variation  Upstream  and  Downstream  of  Cavity 

Sound  pressure  levels  for  the  K1  and  K2 
transducers  are  shown  in  Figure  13.  The  modal 
amplitudes  for  both  the  K2  and  downstream  K19 
(not  shown)  tranaducers  are  similar  to  chose 
measured  in  the  cavity.  The  modal  amplitudes 
up  to  1000  HZ  were  significantly  reduced  as  the 
transducer  was  located  further  away  from  the 
cavity  (K1  and  K20).  The  broadband  tones 
obaerved  from  2000-5000  HZ  are  believed  to  be 
related  to  wind  tunnel  induced  noise  sources 
such  as  the  compressors  and  the  perforations  in 
the  teat  section  side  walls.  These  broadband 
peaks  were  not  observed  inside  the  cavity  as 
they  were  probably  masked  by  the  higher  levels 
present.  However,  a  consistent  change  in 
broadband  levels  was  measured  on  transducers 
inside  the  cavity  at  approximately  3500  HZ. 
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Fig.  13  Typical  SPL  distribution 
upatreaa  of  cavity. 
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Cavity  An^le  of  AtttcK  Effect 

Th«  effect  of  the  cavity  angle  of  attack  at 
aero  and  5  degrees  ia  shown  in  Figure  14  for  the 
K15  transducer*  The  effects  on  resonant  frequency 
peaks  and  broadband  levels  are  aininal  for  the 
shallow  cavity  (Figure  14a).  However,  a 
significant  angle  of  attack  effect  was  observed  at 
Ms*  0.9S  for  the  deep  cavity  resonant  frequency 
peaks  as  shown  in  Figure  I4b  with  andes  2  through 
S  attenuated  about  8  dB.  Broadband  level  changes 
were  ainisMl  for  the  deep  cavity.  In  contrast, 
the  angle  of  attack  effect  on  the  deep  cavity  was 
again  siininal  at  1.20  as  seen  in  Figure  14c. 

The  cavity  angle  of  attack  was  necessarily  liaiited 
to  S  degrees  to  aininise  total  blockage  effects  in 
the  test  section.  This  relatively  snail  angle  of 
attack  capability  is  a  liability,  however, 
alternatives  are  linited.  Reducing  thr  model 
scale  is  undesirable  due  to  unfavorable  scaling 
effects  on  acoustic  data  and  testing  in  larger 
facilities  is  saich  aore  expensive. 


Fl«.  14  Cavity  angle  of  atceok 
effect  on  SFL. 


rezQUtHCV  (Nr) 

Fig.  14  Cavity  angle  of  attack  effect 
on  SpL  (concluded). 


Mach  Number  Effect 

The  effect  of  Hsch  number  variations  is 
shown  in  Figure  15  for  the  deep  cavity  at 
H»>  0.60  end  1.20.  The  i&odsl  frequencies  at 
narrowband  peaks  increase  with  incressing  Mach 
number.  These  increases  were  predicted  using 
the  Bodified  Roasiter  equation  as  shown  below. 


V  a  -  0.25 

F  •  r  M 
"  (l*k-l 
2 

Where  V  •  Frees trcaa  velocity 
M  ■  Mach  number 
1.  •  Cavity  length 
K  *  Retro  of  apecilic  heat 
a  •  Modee;  1,2,3,  etc 
F  •  Frequency 

The  tic  marks  shown  near  the  measured  modal 
peaka  show  good  agreeatent  between  the  predicted 
and  meaaured  frequencies.  Mode  switching  wes 
observed  for  the  deep  cevity.  For  exeaple, 

Node  3  doaineted  up  to  M«*  0.85  switching  to 
Mode  2  et  higher  Mech  nuabere.  In  contrast, 
aodal  saplitudes  were  generally  lower  for  the 
ehellow  cevity  conf iguretion  (not  shown)  and 
varied  only  slightly  as  the  Mech  nuaber 
changed.  It  should  be  noted  thet  wind  tunnel 
dyntaie  preeeure  (q)  elso  varies  with  Mach 
number. 
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Body  Blockage  Vertical  Location  Effect* 


The  effect  of  body  vertical  location  on  SPL 
ia  ahown  in  figure  16  for  the  deep  cavity. 
Broadband  levcla  were  generally  inaensitive  to 
the  blockage  model  location  although  aome 
ahifting  of  the  aiodal  frequency  aoplitudea  waa 
obaerved.  For  inatance,  mode  3  reached  a  peak 
at  Z  ■  -1.2  inchea  (blockage  model  inaide  the 
cavity)  while  modea  1  or  2  peaked  at  blockage 
model  locationa  outaide  the  cavity.  Theae 
vertical  location  cffecta  were  minimal  for  Z 
greater  than  2.4  inchea. 


Fig.  16  Blockage  modal  vertical 
location  effect  on  SPL. 


Pig.  IS  Kaeh  number /dynamic 

preaaurc  effect  on  SPL. 
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Blockage  LonRituditxl  Location  Effect 


The  effect  of  longitudinal  forward  and  aft 
location  of  the  blockage  nodel  jutt  above  the 
cavity  opening  (  Z>1.2  inchea)  ia  ahown  in  Figure 
17  for  the  deep  cavity  at  a  K»“  0.85.  The  X 
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Fig.  17  Blockage  aodel  longitudinal 
location  effect  on  SPL. 


location  refera  to  the  longitudinal  poaition  of 
the  center  of  gravity  the  blockage  Bodel.  Zero 
correaponda  to  the  forward  bulkhead  with 
nbgative  nuabera  indicating  upatreaa  poaitiona 
and  poaitive  nuabera  indicating  downatreao 
locationa.  Broadband  levela  did  not  change  aa 
the  model  X  poaition  waa  varied;  however,  aoae 
aenaitivity  in  nodal  frequency  amplitudea  waa 
obaerved  (3  to  5  dB). 


ConcToaiona 

The  reaulta  preaented  inXthia  paper  provide 
good  agreenent  with  the  mining  amount  of 
reaearch  conducted  in  the  paat.^The  value  of 
thia  reaearch  ia  that  it  providea  a  more 
detailed  and  extenaive  data  baae  for  engineera 
to  utilixe  during  early  atagea  of  air  vehicle 
deaign  requiring  the  utilization  of  internal 
cavitiea.  Additional  teata  are  currently  being 
planned  which  will  extend  thia  technology  data 
baae  even  further  to  include  aeroacouatic 
auppreaaora,  cavity  doora,  and  aupersonic  Hach 
number  effecta.  Thcae  reaulta  will  be 
documented  in  ajibaequent  reporta. 

J  J 
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